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Abstract

Background and aims—Either lipopolysaccharide (LPS) or high-fat diet (HFD) enriched with
saturated fatty acid (SFA) promotes atherosclerosis. In this study, we investigated the effect of LPS
in combination with SFA-rich HFD on atherosclerosis and how LPS and SFA interact to stimulate
inflammatory response in vascular endothelial cells.

Methods—Low-density lipoprotein receptor-deficient (LDOLR™") mice were fed low-fat diet
(LFD), HFD with low palmitic acid (PA) (LP-HFD), or HFD with high PA (HP-HFD) for 20
weeks. During the last 12 weeks, half mice received LPS and half received PBS. After treatment,
metabolic parameters and aortic atherosclerosis were analyzed. To understand the underlying
mechanisms, human aortic endothelial cells (HAECs) were treated with LPS and/or PA and
proinflammatory molecule expression was quantified.

Results—Metabolic study showed that LPS had no significant effect on cholesterol,
triglycerides, free fatty acids, but increased insulin and insulin resistance. Both LP-HFD and HP-
HFD increased body weight and cholesterol while LP-HFD increased glucose and HP-HFD
increased triglycerides, insulin, and insulin resistance. Analysis of aortic atherosclerosis showed
that HP-HFD was more effective than LP-HFD in inducing atherosclerosis and LPS in
combination with HP-HFD increased atherosclerosis in the thoracic aorta, a less common site for
atherosclerosis, as compared with LPS or HP-HFD. To understand the mechanisms, results
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showed that LPS and PA synergistically upregulated adhesion molecules and proinflammatory
cytokines in HAECs.

Conclusions—LPS and PA-rich HFD cooperatively increased atherogenesis in the thoracic
aorta. The synergy between LPS and PA on proinflammatory molecules in HAECs may play an
important role in atherogenesis.

Atherosclerosis; Lipopolysaccharides; Saturated fatty acid; Palmitic acid; Inflammation

1. Introduction

A recent large case-control study reported that periodontitis increased the risk of the first
myocardial infarction 1. Another recent clinical study also showed an independent
association of periodontitis with atherosclerotic cardiovascular disease 2. To understand the
mechanisms underlying the linkage between periodontitis and cardiovascular disease, it has
been shown that periodontal pathogens accelerated atherosclerosis in animal models 3 4,
Studies have further demonstrated that the pathogen-derived lipopolysaccharide (LPS) is a
powerful mediator for vascular inflammation °, an important cause of atherosclerosis.

The role of LPS in atherosclerosis has been well established in animal models. It has been
shown consistently that administration of low dose LPS (10-50 pg/mouse) in
atherosclerosis-prone mice induces atherosclerosis 6-11. Our laboratory has demonstrated
that antagonizing Toll-like receptor (TLR)4, the receptor for LPS, reduces

atherosclerosis 12: 13, Furthermore, it has been shown that deficiency of either TLR4 or
myeloid differentiation primary response 88 (MyD88), an adaptor protein that links TLR4 to
downstream signaling pathways, attenuated atherosclerosis 14-16.

Mechanistic studies showed that endothelial activation and dysfunction played an essential
role in LPS-induced atherogenesis 17- 18, Vascular endothelial cells (ECs) are the first line of
vascular cells directly interacting with circulating LPS, which stimulates the expression of
adhesion molecules, proinflammatory cytokines and chemokines in ECs that contribute to
vascular inflammation and atherosclerosis 17: 18,

In addition to periodontitis, type 2 diabetes, obesity and metabolic syndrome (MetS) are also
well known risk factors for cardiovascular disease 19-22, While different pathological factors
are involved in these diseases and syndrome, dyslipidemia is a common factor. One of the
lipid abnormalities in patients with type 2 diabetes, obesity and MetS are elevated saturated
fatty acid (SFA) 23-25, It is known that SFA is a bioactive lipid and, like LPS, contributes to
the development of atherosclerosis by boosting vascular inflammation 26: 27,

Since periodontitis is a complication of type 2 diabetes, obesity or MetS 28, patients with
type 2 diabetes, obesity or MetS have increased risk of developing periodontitis. When
patients with type 2 diabetes, obesity or MetS develop periodontitis, circulating LPS and
SFA may be elevated simultaneously. Furthermore, diabetic or obese patients with metabolic
endotoxemia, which is defined as increased circulating LPS (endotoxin) as a result of high-
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fat diet (HFD)-increased gut permeability to endotoxin 29, may also have simultaneously
increased levels of both LPS and SFA. However, no study has been conducted to determine
if LPS and SFA cooperatively stimulate vascular inflammation and increase atherosclerosis.
The findings from the study on the interaction between LPS and SFA will shed new insight
into molecular mechanisms involved in the accelerated atherosclerosis in patients with type
2 diabetes, obesity or MetS and reveal the potential targets for developing novel therapeutic
strategies for cardiovascular diseases.

In this study, we treated low-density lipoprotein receptor-deficient (LDLR™") mice with low
dose of LPS and/or HFD enriched with palmitic acid (PA), the most abundant SFA in
plasma 39, and determined the combined effects of LPS and PA-rich HFD on atherosclerosis.
In addition, /n vitro studies with vascular endothelial cells were performed to understand
how LPS and PA interact to induce endothelial activation and dysfunction.

2. Materials and methods

2.1. Animals, diets and treatment

Male LDLR™~ mice were purchased from Jackson Laboratory (Bar Harbor, ME) and
housed at the animal facility of VA Medical Center in Charleston, SC, USA. The animal
protocol was approved by the Institutional Animal Care and Use Committee (IACUC). All
mice were maintained on a 12-hour light-dark cycle in a pathogen-free environment and had
ad libitum access to water and food. Mice were fed different diets (Supplemental Table 1)
(Envigo RMS, Inc. Indianapolis, IN) including low-fat diet (LFD), which is similar to the
chow diet, HFD with low PA content (LP-HFD) or HFD with high PA content (HP-HFD) for
20 weeks. The LP-HFD and HP-HFD contain same amount of protein (23.5%),
carbohydrate (27.3%) and fat (34.3%) and the only differences between LP-HFD and HP-
HFD are that LP-HFD contains 37.0% of saturated fat and 2.8% of PA while HP-HFD
contains 92.5% of saturated fat and 8% of PA. During the last 12 weeks, half mice received
intraperitoneal injection of LPS (Escherichia coli serotype 055:B5, Sigma, St. Louis, Mo) in
200 pl of phosphate-buffered saline (PBS), 25 g per mouse, once a week while the other
half received equivalent amount of PBS, the vehicle for LPS. After the treatments, metabolic
parameters and aortic atherosclerosis in 6 groups were analyzed. The dose of LPS was
reported to be effective to induce atherosclerosis by the previous studies - °.

2.2. Metabolic measurements

Blood samples were obtained under the fasted condition and glucose level was determined
using a Precision QID glucometer (MediSense Inc., Bedford, MA). Serum cholesterol, low-
density lipoprotein (LDL), high-density lipoprotein (HDL) and triglycerides were assayed
using Cholestech LDX Lipid monitoring System (Fisher Scientific, Pittsburgh PA). Serum
fatty acids were determined using the EnzyChrom™ free fatty acid kit (BioAssay systems,
Hayward, CA). Serum fasting insulin was assayed using the Ultra Sensitive Insulin ELISA
Kit (Crystal Chem, Inc., Downers Grove, IL, USA). Fasting whole-body insulin sensitivity
was estimated with the homeostasis model assessment of insulin resistance (HOMA-IR)
according to the formula [fasting plasma glucose (mg/dL) x fasting plasma insulin (uU/
mL)]/405 31,
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2.3. Analysis of en face atherosclerotic lesions on aorta

Mice were euthanized and aortas from heart to the iliac arteries were dissected out, soaked
for 24 h in 4% paraformaldehyde for fixation, excised longitudinally, and then stained with
0.5% of Sudan IV as described previously 32. After staining, the aortas were laid onto the
sponge block surface with the intimal surface up and pined down using the Minutien (Fine
Science Tools, Inc., San Francisco, CA). The images of the aortas were taken using an
EPSON Perfection 2450 photo scanner and analyzed with Image-Pro Plus 6 (Media
Cybernetics, Rockville, MD) and the Photoshop software as described 33,

2.4. Histological analysis of atherosclerotic lesions

The tissues of aortic roots were embedded in Tissue-Tek® OCT " compound (EMS, Hatfied,
PA), immediately frozen on dry ice and stored at —80°C. Starting from the aortic root,
cryosetions with 6-um thickness were cut, and sections with a distance of 480 um were
collected and mounted on slides. Slides were fixed in 10% of formaline for 10 minutes,
stained with Harris modified hematoxylin (Fisher Scientific, Pittsburgh, PA) for 10 minutes
and then rinsed in deionized water. Histological analysis of atherosclerotic lesions was
performed as described previously 13.

2.5. Immunohistochemical analysis of protein expression

Aortic roots and liver tissues were fixed in 4% paraformaldehyde for 10 min and frozen
sections were made using a cryostate. Immunohistochemical analysis was performed as
described previously 13 with anti-F4/80 (Bio-Rad Laboratories, Inc., Hercules, CA), anti-
CD68 (AbD Serotec, Raleigh, NC) and anti-intercellular adhesion molecule (ICAM-1)
antibodies (Santa Cruz Biotechnology, Inc. Dallas, TX).

2.6. Cell culture and treatment

Human aortic endothelial cells (HAECSs) (Life Technologies, Carlsbad, CA) were grown in
Medium 200 supplemented with low serum growth supplement (Life Technologies)
containing 2% fetal bovine serum, hydrocortisone, human epidermal growth factor, basic
fibroblast growth factor and heparin. The HAEC cultures were 100% confluent before the
treatments. For cell treatment, E. coli LPS and PA (Sigma, St. Louis, MO) were used. The
LPS was highly purified by phenol extraction and gel filtration chromatography and was cell
culture tested. PA used in this study was bovine serum albumin-free 34. To prepare PA, PA
was dissolved in 0.1 N NaOH and 70% ethanol at 70°C to make PA solution at concentration
of 50 mM. The solution was kept at 55°C for 10 min, mixed, and brought to room
temperature.

2.7. Enzyme-linked immunosorbent assay

Cytokines in medium were quantified using sandwich enzyme-linked immunosorbent assay
(ELISA) kits according to the protocol provided by the manufacturer (Biolegend, San Diego,
CA).
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2.8. Immunoblotting

Membrane and cytoplasmic proteins were isolated as described previously 3. Thirty
micrograms of protein from each sample was electrophoresed in a 10% polyacrylamide gel.
After transferring proteins to a PVDF membrane, immunoblotting was performed as
described previously 3¢ with antibodies against ICAM-1, VCAM-1 (Santa Cruz
Biotechnology, Inc.), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and beta actin
(Cell Signaling Technology, Inc. Danvers, MA).

2.9. RNA isolation and quantitative real-time polymerase chain reaction (PCR)

RNA was extracted from cells and quantitative real-time PCR was performed as described
previously 37. The primers (Supplemental Table I1) were synthesized (Integrated DNA
Technologies, Inc., Coralville, IA). Data were analyzed with the iCycler iQ™ software (Bio-
Rad Laboratories). The average starting quantity (SQ) of fluorescence units was used for
analysis. Quantification was calculated using the SQ of targeted cDNA relative to that of
GAPDH cDNA in the same sample.

2.10. PCR array

Human TLR signal pathway PCR array (Qiagen, Santa Clarita, CA) was used to profile gene
expression according to the instructions from the manufacturer.

2.11. Treatment of cells with TLR4 antibody, sulfosuccinimidyl oleate (SSO) and inhibitors
of MAPK and NFxB pathways

HAECs were treated with 0.5 ng/ml LPS, 100 uM PA or LPS plus PA in the absence or
presence of 5 pg/ml of neutralizing TLR4 antibody (R&D System, Minneapolis, MN), 5 or
10 uM of sulfosuccinimidyl oleate (SSO) (Cayman Chemical, Ann Arbor, Ml), 5 uM of
PD98059, SP600125, SB203580, or 1 uM of Bay117085 (Calbiochem/EMD Biosciences,
Inc., San Diego, CA) for 24 h. After the treatment, IL-6 in medium was quantified using
ELISA. In a control experiment, the effect of dimethyl sulfoxide (DMSO), the solvent for
SSO preparation, on IL-6 expression was excluded (data not shown).

2.12. Statistic analysis

GraphPad Instat statistical software (Version 5.0) (GraphPad Software, Inc. La Jolla, CA)
was used for statistical analysis. The one-way analysis of variance (ANOVA) was used to
analyze the data from multiple groups. For data with normal distribution, Student’s t test was
used for comparison of means between 2 experimental groups. For data without normal
distribution, nonparametric analysis using Mann-Whitney test was performed to determine
the statistical significance of differences between two experimental groups. A value of p<
0.05 was considered significant.

3. Results

3.1. Metabolic parameters for mice fed different diets and treated with or without LPS

The metabolic parameters for 6 groups of mice treated with different diets in combination
with or without LPS (Table 1) were measured at the end of study.
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Bodyweight (Fig. 1A)—Either high-fat diet with low palmitic acid (LP-HFD) or high-fat
diet with high PA (HP-HFD) significantly increased bodyweight as compared with low-fat
diet (LFD), but the increase of bodyweight was higher in HP-HFD than in LP-HFD mice.
LPS treatment reduced bodyweight in mice fed HP-HFD.

Glucose (Fig. 1B)—LPS increased glucose in mice fed LFD, but not in mice fed either
LP-HFD or HP-HFD. LP-HFD, but not HP-HFD, increased glucose as compared to LFD.

Lipids (Fig. 1C—-G)—Both LP-HFD and HP-HFD increased serum total cholesterol and
LDL cholesterol as compared to LFD (Fig. 1C and D). However, LP-HFD, but not HP-HFD,
increased HDL (Fig. 1E). Interestingly, the addition of LPS to LP-HFD neutralized the effect
of LP-HFD on HDL. LPS increased triglycerides in mice fed LP-HFD (Fig. 1F). While HP-
HFD alone increased triglycerides as compared to LFD, addition of LPS to HP-HFD did not
significantly change the level of triglycerides (Fig. 1F). LPS, LP-HFD and HP-HFD had no
significant effect on free fatty acids (Fig. 1G).

Insulin and insulin resistance (HOMA-IR) (Fig. 1H and I)—LPS stimulated insulin
production in mice fed LFD and either LP-HFD or HP-HFD also increased insulin as
compared to LFD. The level of insulin was higher in mice fed HP-HFD than those fed LP-
HFD (Fig. 1H). LPS attenuated the stimulatory effect of HP-HFD on insulin (Fig. 1H). The
effects of LPS, LP-HFD and HP-HFD on insulin resistance (HOMA-IR) were similar to
those on insulin (Fig. 11).

3.2. LPS and HP-HFD increase hepatic inflammation and circulating proinflammatory

cytokines

In this study, we determined the effect of LPS and HP-HFD on hepatic inflammation by
immunohistochemical staining of F4/80, a mouse macrophage marker, in livers. Results
showed that LPS and HP-HFD, but not LP-HFD, markedly increased F4/80-positive cells
(Fig. 2A and B), indicating that LPS and HP-HFD, but not LP-HFD, increased macrophage
content and hepatic inflammation. To confirm that LPS and HP-HFD increase systemic
inflammation, we quantified the circulating proinflammatory cytokines IL-6 and IL-1p.
Results showed that mice fed HP-HFD had increased IL-6 (Fig. 2C) and IL-1, but mice fed
LP-HFD did not. LPS also increase I1L-6 and IL-1f levels in mice fed LFD but did not
further increase the cytokine levels in mice fed either LP-HFD or HP-HFD (Fig. 2C and D).

3.3. LPS and HFD-HS cooperatively increase atherosclerosis in the thoracic aortas

Histological analysis of atherosclerotic lesions of aortic roots showed that LPS or HP-HFD,
but not LP-HFD, increased intimal lesions (Fig. 3A and B), but administration of LPS to
mice fed HP-HFD did not result in further increase of the intimal lesions. Detection of
monocytes and macrophages using immunohistochemical staining of CD68 showed that
LPS, LP-HFD or HP-HFD increased macrophages and the combination of LPS and HP-
HFD increased more macrophages than LPS or HF-HFD alone (Fig. 3C). Quantification of
the en face Sudan VI-stained atherosclerotic lesions showed that LPS, LP-HFD or HP-HFD
significantly increased atherosclerotic lesions as compared to LFD (Fig. 3D and E).
Furthermore, mice fed HP-HFD presented increased atherosclerotic lesions when compared
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with mice fed LP-HFD. However, the administration of LPS to mice fed HP-HFD did not
further increase atherosclerotic lesions (Fig. 3D and E). Interestingly, we found that the
combination of LPS and HP-HFD increased more atherosclerotic lesion in the descending
thoracic aorta, a less common site for atherosclerotic lesions 38, when compared with LPS
and HP-HFD alone (Fig. 3F and G). Immunohistochemical staining of ICAM-1 in aortas
showed that while LPS or HP-HFD increased ICAM-1 expression, the combination of LPS
and HP-HFD achieved an additive effect on ICAM-1 expression (Fig. 3H and 1).

3.4. PA and LPS have a synergy on vascular endothelial cell activation and dysfunction

To explore the mechanisms whereby HP-HFD and LPS cooperatively increases
atherosclerotic lesions in the descending thoracic aorta, we focused our study on vascular
endothelial cells (ECs) activation. ECs are the first line of vascular cells to expose to
circulating SFAs and LPS, and EC activation and dysfunction play an important role in the
early stage of atherosclerosis 39. Our Jn vitro study showed that LPS and PA synergistically
enhanced the expression of ICAM-1 and vascular cell adhesion molecule (VCAM)-1 in
HAECs (Fig. 4A and B). Results also showed that while PA strongly increased E-selectin
expression, the addition of LPS did not further increase the experiment of E-selectin (Fig.
4C). Immunoblotting showed that the combination of LPS and PA increased more ICAM-1
protein expression in both cytoplasm and membrane of HAECs than LPS or PA alone (Fig.
4D and E). Results also showed that the combination of LPS and PA increased more
VCAM-1 protein in the cytoplasm, but not cell membrane, than LPS or PA alone. In
addition to the adhesion molecules, we also investigated the effect of LPS and PA on
proinflammatory cytokine expression in HAECs since upregulation of proinflammatory
cytokines is a feature of EC activation and dysfunction 0. Using a PCR array to profile gene
expression related to TLR-mediated pathways, we found that LPS and PA synergistically
stimulate the expression of several proinflammatory molecules such as granulocyte/
macrophage colony-stimulating factor (CSF2), granulocyte-colony stimulating factor
(CSF3), IL-6, IL-8, and PTGS2, also called cyclooxygenase 2 (COX2) (Table 2).

To validate the findings from the PCR array, we quantified IL-6 mRNA and secretion by
HAECs in response to LPS, PA or LPS plus PA. Results showed that while either LPS or PA
stimulated IL-6 mRNA expression and secretion in a time-dependent manner, the
combination of LPS and PA had a synergistic effect on IL-6 expression and secretion (Fig.
4F and G).

3.5. LPS and PA activate endothelial cells via TLR4 and CD36

To further elucidate how LPS or PA interacts with HAECSs, we first determined the receptors
engaged by LPS and PA. Results showed that the TLR4 neutralizing antibody specifically
abolished the stimulation of IL-6 secretion by LPS, but not by PA, at 24 h and 40 h (Fig. 5A
and B). These findings confirm that TLR4 is the receptor for LPS, but not PA.

Since it has been reported that CD36 is responsible for the engagement and uptake of PA 41,
we applied SSO, a specific inhibitor of CD36 42, to investigate whether or not it would block
the stimulatory effect of PA via CD36. Results showed that SSO significantly inhibited I1L-6
secretion stimulated by not only PA, but also LPS (Fig. 5C and D), which is consistent with
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the previous report that CD36 is the receptor engaged by not only free fatty acids, but also
LPS in a TLR4-independent manner 43. Taken together, these results indicate that while
TLR4 is involved in the stimulatory effect of LPS, CD36 mediates the effects of both PA and
LPS on HAEC activation.

3.6. Both LPS and PA activate HAECs via the MAPK and NFxB pathways

It is known that LPS activates ECs via multiple signaling pathways such as MAPK (ERK,
p38, INK) and NFxB pathway #4. To determine if these pathways are also involved in PA-
elicited EC activation, we treated HAECs with LPS, PA or LPS plus PA in the absence or
presence of pharmacological inhibitors specific for the different signaling pathways. Results
showed that PD98059, SB293580, SP600125, and Bay11-7085, the inhibitors for ERK, p38,
JNK and NF«xB pathways, respectively, inhibited IL-6 secretion stimulated by LPS, PA or
LPS plus PA (Fig. 6), indicating that either LPS or PA activates ECs via the MAPK and
NFxB pathways.

4. Discussion

Our current study showed that chronic challenge of LDLR™~ mice with low dose of LPS
increased aortic atherosclerotic lesions through a cholesterol-independent mechanism since
LPS had no effect on serum cholesterol. Although LPS increased glucose by 22%, this
moderate glucose increase is unlikely to be a major factor responsible for the 5.5-fold
increase in atheroscleratic lesions. Given that LPS treatment nearly doubled serum IL-6
level and also significantly increased serum IL-1p, our study suggests that the induction of a
systemic inflammation by LPS is responsible for the accelerated atherogenesis, which is in
agreement with Cuaz-Perolin et al. who reported that a natural inhibitor of proinflammatory
transcription factor NFxB reduced expression of proinflammatory cytokines and
atherosclerotic lesions in apolipoprotein E-deficient mice challenged with LPS &,

Our study showed that either HP-HFD or LP-HFD induced atherosclerotic lesion as
compared to LFD. However, HP-HFD is much more potent than LP-HFD in inducing
atherosclerosis. A possible reason behind the higher effectiveness of HP-HFD to induce
atherosclerotic lesions than LP-HFD may be the fact that, as our study showed, HP-HFD,
but not LP-HFD, significantly increased serum inflammatory cytokines such as IL-6 and
IL-1B. Since the major difference between HP-HFD and LP-HFD is the high PA content in
the former, this finding indicates that PA is a powerful bioactive lipid to boost the systemic
inflammation.

The quantification of atherosclerotic lesions in aortas clearly showed that HP-HFD or LPS
acted similarly in inducing total aortic atherosclerosis. The possibility that administering
LPS to mice fed HP-HFD would further increase the atherosclerotic lesions was tested and
showed interesting results. Although administering LPS to mice fed HP-HFD did not
increase atherosclerotic lesions in the entire aorta, significantly increased lesions in the
descending thoracic aorta were observed. This finding is interesting since the descending
thoracic aorta is a less common site for developing atherosclerosis as compared with aortic
root and abdominal aorta 38. A possible explanation for the increase in atherosclerosis in the
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thoracic aortas but not in the aortic root and abdominal aorta when LPS is administered with
HP-HFD is the marked difference in hemodynamic forces between these sites.

It has been postulated that the hemodynamic forces are largely responsible for dictating
which vascular sites are susceptible to developing atherosclerosis by priming the endothelial
phenotype to respond distinctly to systemic risk factors such as high lipids 38. It is likely that
either LPS or HP-HFD already maximizes endothelial activation/dysfunction in the aortic
root and abdominal aorta where dominant hemodynamic forces are always present.
Therefore, LPS in combination with HP-HFD did not further increase atherosclerosis in
aortic root and abdominal aorta. In contrast, since the hemodynamic forces against the
descending thoracic aorta are much less than those against the aortic root or abdominal
aorta, LPS and HP-HFD could exert a cooperative stimulation on endothelial activation and
dysfunction, resulting in increased atherosclerotic lesions in the descending thoracic aorta.

Another interesting finding from our metabolic study was that HP-HFD feeding remarkably
increased insulin. While LP-HFD increased serum insulin level by 4.7-fold, HP-HFD
increased it by 20-fold. Several previous clinical studies have reported that saturated fat
intake is a risk factor for hyperinsulinemia #>~47. Folsom et al. reported a positive correlation
between saturated fatty acid percentage in plasma phospholipids and insulin level 4°,
Rasmussen et al. showed that saturated fatty acids increased a higher level of insulin than
monounsaturated fatty acids 46. Obviously, the results from our current animal study are in
line with these clinical findings. To understand why saturated fatty acids are associated with
insulin level, Thams et al. showed that PA stimulated insulin release from pancreatic islets
via protein kinase C pathway 4’. In addition to the potent stimulation by HP-HFD of insulin
production, our study showed that HP-HFD also increased insulin resistance. Despite a 20-
fold increase in insulin by HP-HFD feeding, the glucose in mice fed HP-HFD was not
reduced at all, indicating the presence of a strong insulin resistance. Insulin resistance is well
known to be associated to atherosclerosis in type 2 diabetes and metabolic syndrome 48: 49,

The findings from our /n vitro studies support our hypothesis that LPS and PA cooperatively
stimulate vascular inflammatory process. The assessments of the expression of
proinflammatory molecules in HAECs in response to LPS, PA or LPS plus PA using real-
time PCR, ELISA and PCR array consistently showed that LPS and PA synergistically
stimulate the expression of adhesion molecules and important proinflammatory cytokines
such as CSF2, CSF3, IL-6, IL-8, and COX2. Further studies showed that TLR4 was the
receptor for LPS, but not PA, and CD36 was engaged by both PA and LPS. Since the
inhibition of CD36 by SSO effectively inhibited IL-6 secretion stimulated by not only LPS,
but also PA, these results suggest that CD36 is a better target than TLR4 to attenuate the
synergistic effects of LPS and PA on IL-6 secretion. Another interesting finding is that PA
acts similarly as LPS to upregulate expression of proinflammatory molecules via MAPK and
NFxB pathways. This finding is consistent with the previous reports that CD36 with two
transmembrane domains and short cytoplasmic tails links to MAPK, NFxB and Rho
signaling pathways 0.

In conclusions, we have demonstrated that while either LPS or HP-HFD induced aortic
atherosclerosis, LPS in combination with HP-HFD increased atherosclerotic lesions to a
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higher extent in the descending thoracic aorta of £ DLR™~ mice. We have also explored the
underlying mechanisms and shown that LPS and PA synergistically stimulate pro-
inflammatory gene expression in vascular ECs known to play a crucial role in vascular
inflammation and atherosclerosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. LPS and high-fat diet with high palmitate act in concert in atherogenesis.
. LPS and palmitate synergistically stimulate adhesion molecules in
endothelium.
. LPS and palmitate synergistically stimulate cytokines in endothelium.

. LPS engages Toll-like receptor 4/CD36 while PA engages CD36.

. Both LPS and PA stimulate gene expression via MAPK and NFxB signaling
pathways.
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Figure 1.

The effect of LPS and diets on metabolic parameters.

Metabolic parameters including bodyweight (A), glucose (B), Cholesterol (C), LDL (D),
HDL (E), triglycerides (F), free fatty acids (G), insulin (H) and homeostasis model
assessment of insulin resistance (HOMA-IR) (1) were determined. The data presented are
mean + SD (n=6-9).
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The effect of LPS and diets on hepatic and systemic inflammation.

(A and B) After mice were treated with LPS or vehicle PBS in combination with LFD, LP-
HFD, or HP-HFD, livers were dissected and subjected to immunohistochemical staining of

LFD

LP-HFD

F4/80 to detect macrophages. Representative photomicrographs of hepatic tissue sections
with F4/80 immunostaining for all 6 groups (A) and quantification of F4/80-positive staining
area (B) were shown. C and D. Serum IL-6 (C) and IL-1p (D) were quantified at the end of

the study. The data presented are mean + SD (n=6-9).
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Figure 3.

The effect of LPS and diets on atherosclerotic lesions in LDLR™~ mice.

(A) Representative photomicrographs of H/E stained cross-sections of aortic roots of mice
treated with LPS or vehicle PBS in combination with LFD, LP-HFD, or HP-HFD. Scale
bar=500 pm. (B) Quantification of intimal lesion area of atherosclerotic plagues in the aortic
roots (mean £ SD). (C) Quantification of CD68-positive staining areas of the cross-sections
of aortic roots. (D) Sudan VI-stained en face atherosclerotic lesions of aortas of mice treated
with LPS or vehicle PBS in combination with LFD, LP-HFD, or HP-HFD. The increased
atherosclerotic lesions on the thoracic aortas of mouse treated with HP-HFD and LPS were
indicated by a red rectangle. Scale bar=0.2 cm. (E) Quantification of the area with positive
Sudan IV staining in the total aortas (mean * SD, n=7-9). (F) Sudan VI-stained en face
atherosclerotic lesions on the thoracic aortas of mice treated with HP-HFD, LPS or the
combination of HP-HFD and LPS. Increased lesions in mice treated with HP-HFD and LPS
are indicated by red rectangles. Scale bar=0.2 cm. (G) Quantification of area with positive
Sudan IV staining in the cross-sections of thoracic aortas (mean = SD, n=6-9). (H)
Representative photomicrographs of ICAM-1 immunohistochemical staining of aortic roots
of mice treated with LPS or vehicle PBS in combination with LFD, LP-HFD, or HP-HFD.
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(1) Quantification of ICAM-1 expression in tissue sections of aortic roots (mean + SD, n=6—
9).

Atherosclerosis. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

IL-6 mRNA/GAPDH mRNA

Page 19

A. B. €
9 3
#p<0.01 vs + or # # 1.4 #p<0.01 vs *,A or + # #p<0.01 vs A, +or #
- 8 <005 vs A - < < +p<0.01 vs A or # +
z 5 #p<0.01 vs A or + § 124 § 257 T
E E E
. . jas)
E 6 E 1 )
A . e,
<. S < 084 5
<} IS g
I 44 <
Z Z 0.6 Z
~ o
°é 34 E E
- — 0.4+ £
s 2 - 51
= = 9
5 S o024 2
0 0
Control LPS PA LPS+PA Control LPS PA LPS+PA Control LPS PA LPS+PA
E.
D. 700
#p<0.01 vs A, + or # #
Cytoplasm Cell Membrane 600 #p<0.01vs”or+
5
ICAM-1 s S S e [CAM-L S 0D O OO g5 s00q
SF
& 8 4004
VCAM-1 « www VCAM-1 e - =2
< %: 300 -
GAPDH D Gas eums emms  [-clin NS GED G G i
S &£ 200
S & T K S £ T F =
& X $ N
IS N = § Q‘o O
o4 & G 9 = 100
0
Control LPS PA LPS+PA
G.
22 9000
204 —&—— Control 4666 —&A— Control *
184 —a— Lps —a&— LPS T
. 7000 -
16 4 T J-
" PA 6000 —@— PA 1
o
124 —@— LPS+PA + 5000 { —@—— LPS+PA o~

*, +,# p<0.01 vs Control at
the same time point;

8 - *p<0.01 vs LPS or PA at
_| the same time point

4000 H

3000

2000 -

IL-6 in Culture Medium (pg/ml)

1000 o

A

A2

T T T 0 -

0 4 8 12 16 20 24 28 32 36 40 44 48 52 0

Time (h)

Figure 4.

*,+,# p<0.01 vs Control at
the same time point;
*p<0.01 vs LPS or PA at

the same time point * #

4 8 12 16 20 24 28 32 36 40 44 48 52
Time (h)

LPS in combination with PA increases adhesion molecule and IL-6 expression in HAECs.
(A-C) HAECs were treated with 0.5 ng/ml of LPS, 100 uM of PA or LPS plus PA for 24 h
and ICAM-1 mRNA (A), VCAM-1 mRNA (B) and E-selectin mRNA (C) were quantified
using real-time PCR. (D) Immunoblotting of ICAM-1 and VCAM-1 in cytoplasma and
membrane. HAECs were treated as described above and the ICAM-1 and VCAM-1 protein
in cytoplasma and membrane was detected using immunoblotting. GAPDH and B-actin were
also detected as control. € Quantification of membrane ICAM-1 (n=2). (F and G) Time
courses of IL-6 mRNA expression (F) and IL-6 secretion (G). HAECs were treated with 0.5
ng/ml of LPS, 100 uM of PA or LPS plus PA for 2, 4, 8, 12, 24, 36 and 48 h. At each time
point, total RNA was isolated from cells and culture medium was collected for quantification
of IL-6 mRNA using real-time PCR and secreted IL-6 protein using ELISA, respectively.
The data (mean = SD) presented are representative of 3 experiments with similar results.
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The effects of TLR4 blocking and CD36 inhibition on IL-6 secretion by HAECS treated with
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PA
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After the treatment, IL-6 in culture medium was quantified using ELISA. The data (mean £

SD) presented are representative of 3 experiments with similar results.
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Control
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Inhibition by pharmacological inhibitors of IL-6 secretion stimulated by LPS, PA or LPS

plus PA.

HAECs were treated with 0.5 ng/ml of LPS, 100 uM of PA or LPS plus PA in the absence or
presence of 5 UM of PD98059, SP600126, or SB203580, or 1 uM of Bay11-7085 for 24 h.
After the treatment, IL-6 in culture medium was quantified. The data (mean + SD) presented

are representative of 3 experiments with similar results.
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Table 1
Diets and LPS treatment
Groups Diet LPS | Number
1 LFD Low-fat diet - 7
2 LPS Low-fat diet +
3 LP-HFD Low palmitic acid-containing high fat diet - 6
4 | LP-HFD +LPS | Low palmitic acid-containing high fat diet + 9
5 HP-HFD High palmitic acid-containing high fat diet - 6
6 | HF-HFD + LPS | High palmitic acid-containing high fat diet + 8

Atherosclerosis. Author manuscript; available in PMC 2018 October 01.

Page 22



Page 23

Luetal.

2 9Seul| auIuoaly ] /aUlIaS
Bunoesau| 101dad8y 2/ (2X0D) Z aseuabAxoo]daAd 1o g aseyiuAs apixosadopus-uipuelbelsoid 7S/ 4 H10)giyul s|189-g ul Jadueyus auab spndadAjod 1ybij eddey Jo J01oe) JeBjONU (/G>X+N ‘g Hungns
g eddey] 10194 JeajonN ZgX7/N ‘eydfe T-umnajiau] 77/ ‘1039e) Buitejnwins-Auojod afeydoloew/siAaonuels) Z-4So ‘T-uisioid d139eIowayd s1A0UON 2702 :8]qel 8y} ul sauah swos Joj saweu [n4

1Oyy~C Se PareInojed sem aBUBLD Ploj aU L "S|[80 pajeal) 40} 10V WO S189 [013U0D 0} 1DV U Buniaenans Aq paje|nofed Sem 1OVY aul pue

158J91U1 J0 Sauah 10y 1D Wiy HAdVYO 404 1D Bunoengns Ag pare|najes sem 10V ay L :poyiawl (3QVV) 8949 poysaiy eljap-eljap ayl uo paseq si sisAjeue ereq "¥Od Aq payijdwe uayl pue YN 0} PaLIaAU0d
pUB PaUIqUIOD SBM S|[aM 31ed1jdNp WOoJy Pate|os] Ny Jainjoejnuew ay) Wwolj SuoionJisul ayy o1 Buipiodde uoissaldxa auab aji4oid 01 pasn sem (D ‘Bl eiues ‘usbeld)) Aedre YOd Aemured [eubis
(471.L) J01d8231 8x1j-|j0L UewnH “Aelie YOd 01 pardalgns pue Ssjjad sy} Wwoly pare|ost Sem WNY U ZT 104 Y10g 10 Wd 40 INH 00T ‘Sd1 40 Jw/Bu G'0 INOYNM JO YIIM pajeal) 81am S|[ad [e1]aL1opus d1oe uewnH

JAN4 09T or'T 6¥'G¢C €6'G¢ | ¢1'9¢ 19'9¢ AdId
TL'S 96°€ 12T ceve a8've | 6v°9¢ €89¢ 2591d
9g'¢ 96'T T¢ce €e'ee TT've | v6'€C 80'G¢ VIgXIN
S0°€ vee 8€'C Y¥'9¢ 88°9¢ | 619¢ §0'8¢ 14:5=/%
oT'v 91T 9¢'¢ 56T 06'0¢ | ¢v'0C 09'T¢ :a/
JARS 0€T 6€¢C 66°CC 8¢'ve | ov'ee 99'v7¢ 97l
9C'e €8¢ | €61 §6°LC 9T1'8¢ | TL'8¢ 99'6¢ ari
€9 S6'C 8€'C 18°G¢ 9v'9C | LL°9¢ ¢0'8¢ VIl
08¢ GE'¢ | 86'CT v'yve ¥8'L¢ | LE'GC L0'6¢ £450
€6°TT LS€ | LeY €89¢ 8G'8¢ | ¢€'8¢ A 24580
e’ €0 | LCS 18°0¢ LT'ee | LETC LL°€C 2700
Vd+Sd1 vd Sd1 | Vd+Sdl vd Sd |04JU0D | BswWeuU su’Y
Aq aseasour pjo 0

sa|noajow Alorewwreulold Jo uoissaldxa uo d pue Sd Jo 19940 ansibisuAs

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Atherosclerosis. Author manuscript; available in PMC 2018 October 01.



	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Animals, diets and treatment
	2.2. Metabolic measurements
	2.3. Analysis of en face atherosclerotic lesions on aorta
	2.4. Histological analysis of atherosclerotic lesions
	2.5. Immunohistochemical analysis of protein expression
	2.6. Cell culture and treatment
	2.7. Enzyme-linked immunosorbent assay
	2.8. Immunoblotting
	2.9. RNA isolation and quantitative real-time polymerase chain reaction (PCR)
	2.10. PCR array
	2.11. Treatment of cells with TLR4 antibody, sulfosuccinimidyl oleate (SSO) and inhibitors of MAPK and NFκB pathways
	2.12. Statistic analysis

	3. Results
	3.1. Metabolic parameters for mice fed different diets and treated with or without LPS
	Bodyweight (Fig. 1A)
	Glucose (Fig. 1B)
	Lipids (Fig. 1C–G)
	Insulin and insulin resistance (HOMA-IR) (Fig. 1H and I)

	3.2. LPS and HP-HFD increase hepatic inflammation and circulating proinflammatory cytokines
	3.3. LPS and HFD-HS cooperatively increase atherosclerosis in the thoracic aortas
	3.4. PA and LPS have a synergy on vascular endothelial cell activation and dysfunction
	3.5. LPS and PA activate endothelial cells via TLR4 and CD36
	3.6. Both LPS and PA activate HAECs via the MAPK and NFκB pathways

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Table 2

